Introduction

54
FS PV-expressing interneurons are associated with the formation of network gamma oscillations (30-55
90 Hz) [1] [2] [3] , which are fundamental for cognition, perception and memory formation [4] [5] [6] . Gamma 56 activity results from the interaction between pyramidal cells and FS PV interneurons, where PV 57 interneuron synchronization creates 'windows of opportunity' for pyramidal neuron spiking 1,2,7 . 58
59
Previous studies have indicated a strong link between the BOLD signal and the gamma component 60 of the local field potential (LFP) band 8, 9 . In addition, more recent studies have described a link 61 between gamma oscillations and the oxygenation of brain tissue where ultra-slow fluctuations 62 enveloping the gamma band modulate vasomotion 10, 11 . Since PV interneurons are fast spiking, they 63 have a greater energy demand than regular spiking neurons 12 and are dependent upon a continuous 64 delivery of oxygen and glucose to provide sufficient amounts of ATP 13, 14 . It is thought that deficits 65 of either oxygen or glucose supply to PV interneurons will decrease gamma activity 15 . 66
Assessing oxygen consumption due to interneuron inhibition in intact neuronal networks is 67 complicated by non-linear gain modulation of principal cell excitatory input, resulting in 68 progressively increasing feedforward inhibition of PV interneurons with progressively increasing 69 excitatory drive 16 . Increasing near-concomitant excitation and hyperpolarizing inhibition potentiates 70 ion displacement across the cell membrane without necessarily affecting either spike rate or 71 4 membrane potential 17 . Due to the potentiated ion displacement, increasing excitation and inhibition 72 concomitantly is hypothesized to augment oxygen consumption non-linearly 17 . 73 PV interneurons may also play a role in generating stimulus-evoked CBF responses, as optogenetic 74 stimulation of GABAergic interneurons induces CBF responses that are not due to disinhibition of 75 surrounding pyramidal neurons [18] [19] [20] [21] . While some interneurons express vasoactive substances thought 76 to contribute to stimulation-induced blood flow responses 19, 22 , no vasoactive substances are known 77 to be released by PV interneurons. Nonetheless, some studies have shown that PV interneurons do 78 influence blood flow and artery diameter 23, 24 . 79
Taken together, PV interneurons appear to be centrally placed between gamma activity, brain oxygen 80 consumption and cerebral blood flow. In the present study, we examined the relationship between PV 81 interneuron activity, gamma activity and brain oxygen use in vivo. Due to the high energy demands 82 of PV interneurons generating gamma oscillations, we hypothesized that stimulation-induced 83 network gamma oscillations determine CMRO2. We found that in vivo optogenetic stimulation of PV 84 interneurons expressing channelrhodopsin-2 (ChR2) did induce CMRO2 responses and did so 85 independently of pyramidal neuron or other interneuron involvement. Whisker pad stimulation of 86 pyramidal neurons induced gamma activity that was halved by concurrent optogenetic stimulation of 87 PV interneurons, while CMRO2 responses remained unchanged. Thus, gamma oscillations per se did 88 not evoke greater oxygen consumption than the activity of the constituent neurons of the gamma 89 circuit. We also examined the notion that concurrent excitation and inhibition evoke a larger ion flux 90 than the sum of ion fluxes evoked by excitation and inhibition separately, which is the basis of the 91 non-linear gain modulation of principal cell excitation. We found that the excitation-inhibition 92 balance of the neural network was an important determinant of CMRO2 response amplitude to 93 whisker pad stimulation and that CMRO2 responses could not be used as an indirect measure of 94 stimulus-evoked ion flux. 95
96
Results
98
Whisker pad (WP) stimulation involves a multisynaptic signalling pathway that initially targets L4 99 pyramidal neurons of the barrel cortex via the ventral posterior thalamic nucleus, and subsequently 100 projects to L2/3 and L5 25, 26 . Thalamocortical as well as inter-and intracortical input to the barrel 101 cortex is glutamatergic and is modulated by interneuronal GABAergic activity in the form of 102 disinhibition, feedforward and feedback inhibition 16, 27 . Optogenetic stimulation bypasses the initial 103 5 part of the somatosensory signalling pathway leading to L4, L2/3 or L5 target cells and therefore 104
interrogates post-target cell processing. In the present study, we have employed optogenetic 105 activation of channelrhodopsin (ChR2)-expressing pyramidal neurons and PV interneurons as well 106 as WP stimulation to investigate gamma generation and the relation between gamma activity, neuron 107 and interneuron activation, and cortical oxygen use. Simultaneous activation of pyramidal neurons 108 by WP stimulation and optogenetic activation of PV interneurons was employed to evaluate the effect 109 of inhibitory input on excitation. CMRO2 responses were taken as expression of the workload 110 necessary to restore ionic gradients after depolarisation. 111
112
Characterization of cells containing channelrhodopsin 113
To directly activate neurons and interneurons that are part of the sensory input processing pathway, 114
we employed two mouse lines, one with ChR2-expressing PV interneurons (PV/ChR2), the other 115 with ChR2-expressing pyramidal neurons (Pyramidal/ChR2). In both mouse strains, ChR2 was 116 tethered to enhanced yellow fluorescent protein (EYFP). Twenty μm thick coronal slices from layer 117 L2/3 of the whisker barrel cortex (bregma +0.5 mm/-1.94 mm 28 ) were examined. In PV/ChR2 118 brains, co-localisation of parvalbumin with EYFP was seen in > 90% of PV interneuron somata and 119 To ensure that the responses described above represent innate properties of PV interneurons and not 187 neuronal interactions, we applied iGluR and GABAAR blockers (MK801+NBQX and GABAzine, 188 respectively) topically to the brain to inhibit collateral stimulation, inhibition and disinhibition. 189
Lastly, we applied tetrodotoxin (TTX) to block voltage-gated Na + channels. We found that the 190 CMRO2 and CBF responses to Optogenetic PV stimulation were not by-products of interneuron or 191 pyramidal neuron interactions as these responses were also present during iGluR+GABAAR blockade 192 ( fig. 4a, b) . Thus, PV interneuron activity per se was found to be energy demanding and able to induce 193
CBF responses. 194
In PV/ChR2 mice, iGluR blockade significantly increased CMRO2 and CBF responses to Pyramidal/ChR2 mice. The small TTX-induced reduction in CBF suggests a minor dependency of 222 these neurons on voltage-gated Na + channels and that a large part of pyramidal neuron oxygen 223 consumption is devoted to restoring ionic gradients after ChR2 channel opening. 224 225
Gamma activity was abolished with NMDAR and AMPAR blockade 226
We wondered if this difference in CBF and CMRO2 responses between the two mouse strains would 227 be reflected in gamma activity. In both mouse strains, substantial gamma activity was only found 228 when somatosensory or Optogenetic Pyramidal stimulation was part of the stimulation protocol 30 ( fig.  229 2, e, f; 4, b-f). In PV/ChR2 mice, optogenetic activation of PV interneurons during control 230 circumstances reduced spontaneous, i.e. baseline, gamma activity as well as evoked gamma activity 231 during WPPV stimulation ( fig. 4 c, f, i . 6b) fig. 7b, bottom panel) . Addition of TTX to iGluR blockers during Optogenetic 291
Pyramidal stimulation had no further effect on stimulus-evoked LFP, indicating that iGluR blockade 292 had indeed effectively prevented synaptic excitation of pyramidal neurons. The remaining LFP 293 amplitude in the face of iGluR blockade+TTX was likely due to the optogenetically evoked opening 294 of ChR2 pores. We were not able to obtain extracellular LFPs in response to Optogenetic PV 295 stimulation with our experimental set-up. However, we surmise that iGluR blockers prevented 296 excitation of PV interneuron-targeting interneurons 31 ( fig. 7a, middle panel) and that subsequent 297 application of GABAAR blockers abolished tonic inhibition and auto-inhibition of PV interneurons 298 ( fig. 7a, bottom panel) , as suggested by the step-wise augmentations of the CMRO2 and CBF 299 responses to Optogenetic PV stimulation in the presence of these blockers. 300
301
A prevailing notion concerning brain metabolism is that co-excitation and -inhibition of the same 302 neuron augment cell energy use due to increased flux of both positively and negatively charged ions 303 across the cell membrane; this increase in ion flux may occur with or without affecting neuronal 304 output or transmembrane potential 17 . In the present study, Combined PV stimulation in which 305 pyramidal neurons simultaneously receive excitatory input from whisker pad stimulation and 306 inhibitory input from activated PV interneurons is therefore expected to allow greater numbers of 307 ions to cross the cell membrane compared to the sum of ions crossing the cell membrane during 308 separate whisker pad stimulation and Optogenetic PV stimulation. CMRO2 is thought to represent the 309 work load necessary to restore ion gradients after depolarization 13,14,32 . In cells entirely dependent 310 upon oxidative phosphorylation to supply energy demands, CMRO2 should thus reflect total 311 transmembrane ion flux. In control conditions, we found that the CMRO2 response evoked by 312 Combined PV stimulation which activated both pyramidal neurons and PV interneurons amounted to 313 less than the sum of CMRO2 responses evoked by separate WP and Optogenetic PV stimulations. In 314 contrast, LFPs evoked by Combined PV stimulation were half as large as those evoked by WP 315 stimulation alone, indicating that net pyramidal neuron excitation was halved by inhibitory input from 316 optogenetically activated PV interneurons. In spite of the increased inhibitory input, the magnitudes 317 of the CMRO2 responses to Combined PV stimulation and to whisker pad stimulation were similar, 318 at odds with either the notion that CMRO2 reflects total ion flux or that concurrent excitation and 319 inhibition enhance total transmembrane ion flux. 320
321
Another conundrum was found during optogenetic stimulation of pyramidal neurons, where CMRO2 322 responses were not augmented by iGluR blockade, but CBF responses were, resulting in a mismatch 323 between CMRO2 and CBF. As discussed above, in control conditions, the optogenetically evoked 324 CBF response results from combined reciprocal excitation of pyramidal neurons and recurrent 325 inhibition resulting from collateral activation of all interneuron types, while during iGluR blockade, 326 the evoked CBF response results from excitation of pyramidal neurons alone. LFP amplitude 327 representing net transmembrane ion flux in pyramidal neurons was more than halved by iGluR 328 blockade. The reduction of LFP amplitude here did not indicate that pyramidal neurons received more 329 inhibitory input, as recurrent inhibition was abolished by iGluR blockers. On the contrary, the 330 reduction of LFP amplitude indicated that pyramidal neurons received less excitatory input, due to 331 the lack of reciprocal excitation from neighboring pyramidal neurons. The reduction in excitatory 332 input to pyramidal neurons during iGluR blockade compared to control conditions would be expected 333 to generate a diminished CMRO2 response. However, CMRO2 was not altered by iGluR blockade 334 despite the putative differences in total transmembrane ion flux. To summarize, Optogenetic 335
Pyramidal stimulation during iGluR blockade evoked less inhibition as well as less excitation 336 compared to control conditions. As described above, in control conditions Combined PV stimulation 337 evoked increased inhibition compared to whisker pad stimulation. Nonetheless, CMRO2 remained 338 constant during both procedures. These findings suggest one of the following: 1) that ATP for re-339 establishing ion gradients is not only supplied by oxidative phosphorylation, but also by aerobic 340 glycolysis 33 ; or 2) that altering the excitatory/ inhibitory current balance affects the per ion energy 341 expenditure for re-establishing ion gradients 34 ; or 3) that the numbers of translocated ions evoked by 342 pyramidal neuron activation are not altered by varying inhibition levels 17 . In all cases, it appears that 343 CMRO2 cannot be used as an a priori indicator of total transmembrane ionic flux. interneurons. Thus, gamma activity was reduced both by blocking AMPARs and by increasing 364 inhibitory input to pyramidal neurons, in both cases without affecting CMRO2. Keeping in mind the 365 caveats described above, these findings suggest that gamma activity per se is not energy consuming, 366 but that the activities of the neuronal components comprising the gamma-inducing circuit are [8] [9] [10] [11] . 367
368
In conclusion, we have found that Optogenetic PV stimulation per se was able to induce both CMRO2 369 and CBF responses independently of pyramidal neuron activation in good agreement with interneuron 370 participation in neurovascular and -metabolic responses 36 . The CMRO2 and CBF responses to 371
Optogenetic PV interneuronal activation were heavily dependent on the opening of voltage-gated Na + 372 channels. Our data did not support the notion that CMRO2 responses to excitation were potentiated 373 by concurrent inhibition. Lastly, we found that pyramidal neuron activity was necessary for the 374 generation of gamma activity in vivo and that oxygen consumption is largely driven by neuronal 375 activation and not by the synchronized interplay between neuron types, in the form of gamma activity, 376 as has previously been suggested. 377 Industries, CA, USA). A 4-mm-diameter craniotomy was drilled over the sensory barrel cortex (0.5 395 mm behind and 3 mm to the right of bregma). The dura was removed and the brain was covered with 396 artificial cerebrospinal fluid (aCSF; in mM, NaCl 120, KCL 2.8, NaHCO3 22, CaCl2 1.45, NaHPO4 397 1, MgCl2 0.876, glucose 2.55, buffered with HEPES (2.38 g/l); pH = 7.4 at 22 °C). 398
Material and Methods
After surgery, anaesthesia was switched to α-chloralose (α-chloralose-HBC complex, 0.5g/ml, 0.01 399 ml/10 g/h i.v.). At the end of the experimental protocol, the mouse was immediately euthanized with 400 ketamine followed by decapitation. Pyramidal/ChR2 mice were 2 Hz with a pulse length of 100 ms and for PV/ChR2 were they 100 Hz, 422 7,5 ms (fig 1c, f) . 423
Combined WP and optogenetic stimulation (Combined PV/Pyramidal stimulation) 424
In Pyramidal/ChR2 mice using combined sensory and optogenetic stimulation protocols, stimulation 425 pulses occurred simultaneously. In PV/ChR2 mice using combined protocols, stimulation pulses were 426 in phase but occurred simultaneously once out of every 50 pulses due to different stimulation 427 frequencies (fig 1d, g) . 
Electrophysiology: 446
The total electrical signal (0.5-3000 Hz) was recorded with a vertical 16-channel linear multiarray 447 probe with 50 µm between electrode sites (NeuroNexus, Michigan, USA) and a 16-channel amplifier 448 (gain x1000, bandwidth 1-10 000 Hz; PGA16, Multichannel system). The probe was inserted 449 vertically into the barrel cortex with the top electrode at the level of the pial surface and the bottom 450 electrode extending to a depth of 750 µm, encompassing the barrel cortex from layers 1 to 5. Electrical 451 analogue signals were digitally sampled at least five times the low-pass filter frequency using a 452
Power1401 mk II interface (CED, Cambridge, UK). 453
Extracellular local field potentials (LFP) 454
To obtain LFPs, the total electrical signal was low-pass filtered at 300 Hz. The LFP for each 455 stimulation train was averaged across stimulation impulses and LFP amplitude was taken as the 456 greatest negative deflection occurring within 20 ms after the stimulus artefact. LFP amplitudes were 457 then averaged across stimulation trains for each stimulation modality and treatment. 458
Gamma oscillations 459
To calculate the power of gamma oscillatory activity 
Laser speckle contrast imaging 466
Laser speckle contrast imaging (LSCI) was performed using infrared coherent light (785 nm, LP 785-467 SF 100, Thorlabs) controlled by a diode driver (CLD 1011, Thorlabs). Laser diode output power was 468 40 mW and illuminated area was approximately 4 cm 2 , resulting in the power density of approx 10 469 mW/cm 2 at the surface of the cortex 38 . A CMOS camera (acA2000-165umNIR, Basler, Germany) 470 equipped with a zoom lens (VZMTM 450i Zoom Imaging Lens, Edmund Optics, Germany) was used 471 for signal collection. Exposure time was set to 4 ms and field of view to 800 x 800 pixels. Zoom was 472 1x leading to digital resolution of 5 μm per pixel. To prevent contamination of the laser speckle signal 473 by laser light emitted during optogenetic stimulation, the lens was fitted with a red color filter with a 474 cut-on wavelength of 600 nm (#46-539, Edmund Optics, Germany). 475
Raw data images were acquired at 25 fps. To estimate the so-called "blood flow index", temporal 476 laser speckle contrast analysis was applied 39 , resulting in the reduction of frame rate to 1 frame per 477 second while preserving the spatial resolution of the raw data. Blood flow dynamics were averaged 478 
